We report very small 27 Al metallic shifts in a series of Cu-Zr-Al bulk metallic glasses. This observation and the Korringa type of spin-lattice relaxation behavior suggest that s-character wavefunctions weakly participate in bonding and opens the possibility of enhanced covalency (pd hybridization) with increasing Al concentration, in good agreement with elastic constants and hardness measurements. Moreover, ab initio calculations show that this bonding character originates from the strong Al 3p band and Zr 4d band hybridization since their atomic energy levels are closer to each other while the Al 3s band is localized far below the Fermi level. This study might provide a chemical view for understanding flow and fracture mechanisms of these bulk glass-forming alloys.
Introduction
One of the crucial issues for understanding the microscopic mechanisms of plastic deformation and fracture of amorphous solids is to characterize their bonding characters. Electronic structural characteristics which are relevant for such an understanding are still insufficient [1] . Ab initio electronic structure calculations within the framework of density functional theory (DFT) have been used for characterizing the partial electron density of states (DOS) and charge density [2, 3] . Experimentally, on the other hand, it still remains a challenge to probe such characteristics of electronic structure through emission and absorption spectroscopic measurements on these amorphous alloys [4] .
Other measurements, such as the Hall effect and the electronic specific heat, can only provide total DOS at the Fermi energy [4, 5] . The situation is different for the characterization of electronic structure via metallic shift measurements in amorphous alloys [6] [7] [8] . There is a good chance of relating metallic shifts to the s character of the DOS at the Fermi level since metallic shifts depend sensitively on the s-DOS at the Fermi energy for the atoms of interest.
In this paper, Al-bearing (Cu, Zr) 100−x Al x (x = 2, 4, 6, 8, 10) bulk metallic glasses (BMGs) are evaluated using their local DOS at the Al sites. What we found is that 27 Al isotropic metallic shifts of such BMGs are all very small, ∼300 ppm, less than one-fifth of that in Al metal (which is 1630 ppm [6] ). This observation raises the following questions: what is the origin of the small metallic shift? Is the reduced metallic shift relevant for understanding the bonding character and then the enhancement of mechanical properties such as micro-hardness upon Al alloying in these metallic glasses? We propose that probing the electronic properties of Al-centered locally favored structures in these metallic glasses by 27 Al nuclear magnetic resonance (NMR) is an effective step towards answering the above questions. The small 27 Al metallic shifts originate from the low s-DOS at the Fermi energy at Al sites. The BMG will exhibit enhanced micro-hardness if there is an appreciable pd hybridization from dissimilar constituent elements in the vicinity of the Fermi level.
Experimental details
Systematic investigations were carried out on a metallic glass system (Cu 0.5 Zr 0.5 ) 100−x Al x (x = 2, 4, 6, 8, 10) which shows a strong compositional dependence of microhardness and plasticity [9] [10] [11] .
BMG cylinders 2 mm in diameter were fabricated by conventional copper mold casting. Their amorphous nature was characterized by x-ray diffraction and confirmed by differential scanning calorimetry. Glassy cylinders were then crushed into powders for NMR experiments. All NMR measurements were performed in a magnetic field of 7.01 T. The rf pulse strength ω rf was calibrated using several methods [12] . 1 M Al(NO 3 ) 3 aqueous solution was used to calibrate the metallic shift and determine the 90
• pulse length (t p ) for the liquid with the property ω rf t p = π/2. The 27 Al NMR signal was recorded using a twopulse Hahn echo sequence [13] . A typical rf field strength of ω rf /2π = 100 kHz was used for the detection of the spectrum. The measured full width at half-maximum of the central line associated with the central transition |−1/2 ↔ |+1/2 is ∼30 kHz for all the BMGs. Signal averaging was carried out with a recycle delay of 150 ms. The spin-lattice relaxation time (T 1 ) measurements were carried out using the saturation recovery method [17] with ω rf /2π = ∼12 kHz for the selective excitation of the central transition only. All the spectra are mapped as a Fourier transform of the spin echo signal. Figure 1 shows the 27 Al isotropic metallic shifts as a function of Al concentration in the (CuZr) 100−x Al x glass system measured at 298 K. The most striking feature is that the observed 27 Al isotropic metallic shifts are rather small, i.e. of the order of ∼300 ppm for all the samples and less than onefifth of that for pure Al metal (∼1630 ppm), indicating the s character of the DOS at Al sites at the Fermi energy is very small. Instead of increasing, the isotropic 27 Al metallic shifts decreases slightly from 320 ppm for x = 2 to 280 ppm for x = 10. This reveals the immediate structural environment of Al is changing with the nominal composition. The overall very small metallic shift indicates the lack of Al-Al chemical correlation pairing in these metallic glasses within the glassforming range, consistent with similar observations in Cu-ZrAl glass-forming alloys [14, 15] . A smooth variation of the metallic shift with Al concentration suggests the absence of any minimum in the local density of states at Al sites at the Fermi energy within the investigated composition range.
Results and analysis
The total 27 Al NMR shifts in weakly paramagnetic or non-magnetic metals can be described as [16] 
where K s is the direct contact shift reflecting the magnetic coupling of the nucleus to the s character of conduction electrons, which is usually the dominant contribution in metals; K orb is the orbital shift originating from the orbital angular momentum, mainly from the d character of conduction electrons; and K d refers to the shift from the contribution of the d character of the conduction electrons via spin core polarization. The chemical shift K cs is usually much smaller than K s in metals. However, K cs is significant in the analysis of the total shift when K s becomes very small.
The 27 Al shifts of all these BMGs show temperature invariance between 77 and 300 K, in agreement with the magnetic susceptibility measurements for these non-magnetic BMGs [29] . To see more clearly what is responsible for the observed very small 27 Al metallic shifts, spin-lattice relaxation times (T 1 ) were performed at various temperatures. If a quadrupole interaction is involved, the spin-lattice relaxation is no longer of a single-exponential form, as for the simple case of spin I = 1/2 nuclei. The quadrupole interaction results in unequally spaced atomic energy multi-level systems. In that case, the resulting saturation recovery magnetization M * (t) profiles can be fitted well with a multi-exponential function [17, 18] :
where t is the recovery time, α is a fractional number derived from initial conditions and M 0 is the fully recovered magnetization. The measured room temperature T 1 s for the BMGs are approximately ∼100 ms, one order of magnitude longer than ∼6 ms of pure Al metal [6] . The spin relaxation rate 1/T 1 can be written as [19] 1
where h, k B and T are the reduced Planck constant, Boltzmann constant and absolute temperature, respectively. γ n is the gyromagnetic ratio of the Al nucleus. H s hf is the hyperfine field per electron of the Al s electrons at the Fermi level. g s (E f ) represents the s-DOS at the Fermi level. From equation (2), it is straightforward that, if the first contact term due to the Fermi contact hyperfine interaction is not much increased by correlation and exchange, the measured relaxation time can only be less than that given by the first term alone and all other relaxation contributions always shorten the relaxation time [6] . The observed much longer T 1 clearly demonstrates the g s (E f ) is much smaller than that in Al metal! Figure 2 clearly shows the spin-lattice relaxation follows a Korringa type of behavior [20] , with T 1 T = 29 ± 1 (s K) over the temperature interval from 77 to 300 K for a typical Cu 46 Zr 46 Al 8 BMG. This Korringa relaxation behavior means that the orbital contributions can be neglected [16] . The specific heat and susceptibility data [29] indicate a considerable decrease in the d DOS at the Fermi energy, g d (E f ), upon the addition of Al. If we assume K d dominates, due to the cancellation of K d (K d is negative) [19] , the 27 Al metallic shift would have been expected to increase upon Al alloying since the negative contribution via spin core polarization depends on g d (E f ) and the cancellation becomes smaller when g d (E f ) decreases in the case of more addition of Al. This is not consistent with the experimentally observed decreasing 27 Al metallic shift as a function of Al concentration, as shown in figure 1. The contribution from K d can thus be neglected here. From the Korringa relation,
where γ e is the gyromagnetic ratio of the electron. The estimated enhancement factor f value is 0.6, indicating the Fermi contact interaction with s-conduction electrons causes both K and 1/T 1 , which demonstrates that exchange effects resulting from d-electron couplings are insignificant [6] . Because of the lack of many unknown hyperfine coupling parameters, a full explanation of the observed small metallic shifts and spin-lattice relaxation times is not possible at this time. Nevertheless, the above line of reasoning strongly suggests that the observed very small 27 Al metallic shifts should mainly be attributed to the low g s (E f ).
Two possible mechanisms are proposed to be responsible for the observed low s character g(E f ): one is the HumeRothery-like pseudogap mechanism [2] and the other is the concept of covalent bonding via hybridization [21] . In the nearly-free-electron model, when the Fermi wavenumber k F satisfies k F ≈ k p /2, where k p is the position of the first peak in the structure factor which can be determined by diffraction techniques, the Fermi energy is located at the pseudogap of the sp band which is thus interpreted as the geometric origin [22] . In terms of extended Faber-Ziman theory, the condition k F ≈ k p /2 is fulfilled for most liquid and amorphous alloys [23] . This Hume-Rothery-like pseudogap idea supports the observed small metallic shift results. However, this idea alone cannot fully explain the small and decreasing 27 Al metallic shifts upon Al alloying in (Cu, Zr) 100−x Al x BMGs. For elements with different chemical natures, the chemical effects might also play an important role in the formation of low g s (E f ). Ab initio calculations within DFT were also implemented in the Vienna ab initio simulation package (VASP) code [24] , which clearly show that chemical effects are also responsible for the observed low g s (E f ). We start from B2-CuZr as a structural model. The composition of this intermetallic compound is consistent with the ratio of Cu to Zr for the BMGs under study. For the addition of Al, we generated a 2 × 2 × 2 supercell of B2-CuZr with eight Cu and eight Zr. Two separate structures were created where one Zr or one Cu atom is substituted with one Al atom, resulting in Cu 8 Zr 7 Al and Cu 7 Zr 8 Al that are close in composition to (Cu, Zr) 92 Al 8 in this study (see figure 3 ). Figure 4 shows the total and angular momentum decomposed DOS at Al sites of Cu 8 27 Al metallic shifts are due to small |ψ s (0)| 2 E F . The increase in the distance between Al atoms in these structures yields a narrowing of their bandwidths compared to those in pure Al metal, as shown in figure 4 . The Al 3s does not hybridize with the Zr s or Cu s states due to the large differences in atomic energy levels between Al 3s and Zr 3s by −3.3 eV, and between Al 3s and Cu 3s by −3.1 eV. Hybridization takes place among the Al 3p, Zr 4d and Cu 3d bands due to their close proximity in energy. Then the Al 3s and 3p do not hybridize as they do in pure Al metal due to figure 4 . Both structural models generate similar structures in the valence band that has a much lower g s (E f ) than that of Al metal. The chemical effects can be responsible for the even lower g s (E f ) for Cu 7 Zr 8 Al, in which Al is surrounded by Zr. This is due to the difference in the chemistry of Cu and Zr. This observation of dehybridization of sp wavefunctions and localization of s electrons at higher binding energy is in accordance with previous simulations in metallic glasses such as Al 3s in Ca-Al [25] , B 2s and P 3s in Fe-B and Fe-P [26] , and Si 3s in Pd-Si [27] metallic glasses. Now, it is clear that the origin of the observed very small 27 Al metallic shifts for (Cu, Zr) 100−x Al x is primarily attributed to the fact that the wavefunction of s character is depleted at Al sites at the Fermi level while it is localized below the Fermi level. The bands which cross the Fermi level are mainly the Zr 4d states, in good agreement with the x-ray photoemission and Hall coefficient results of the CuZrAl alloy system [28] and also in agreement with the decreasing magnetic susceptibility and specific heat coefficients measured at low temperatures in CuZrAl metallic glasses as a function of Al concentration [29] .
Implications can be found from the above results. According to Friedel's model of cohesion [30] , the bond energy for a transition-metal-based alloy is affected by pd hybridization. The gain of hybridization with Al addition increases the cohesive energy and thus changes the hardness.
In general, the micro-hardness should get larger when adding more Al concentration since more Al-TM pairs will be obtained. This analysis is consistent with the recent microhardness measurement within the glass-forming composition range [11] . On the other hand, pd hybridization between Al and TM atoms will introduce directional bonds and the BMGs will be expected to exhibit brittleness if Al-TM pairs with directional bonding percolate, or plasticity if the electronic configuration is mostly s-like since the bonding will be more non-directional in this case.
Conclusions
In summary, this work reports NMR evidence of very low Al 3s DOS near the Fermi energy and that the 3s levels of Al are located well below the Fermi energy in Zr-Cu-Al glasses. The calculated partial s-DOS shows reasonable agreement with the experimental measurements. Furthermore, pd hybridization between Al and transition metal atoms is proposed to be responsible for this observation, which links the origin of the small 27 Al metallic shifts to the covalent-like bonding character in these glass-forming alloys. This study provides an atomic and electronic basis for further understanding their macroscopic properties.
